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Macrophage death plays a role in several physiological and 
inflammatory pathologies such as sepsis and arthritis. In our 
previous work, we showed that simvastatin triggers cell 
death in LPS-activated RAW 264.7 mouse macrophage cells 
through both caspase-dependent and independent apoptotic 
pathways. Here, we show that the nuclear orphan receptor 
NR4A1 is involved in a caspase-independent apoptotic proc- 
ess induced by LPS and simvastatin. Simvastatin-induced 
NR4A1 expression in RAW 264.7 macrophages and ectopic 
expression of a dominant-negative mutant form of NR4A1 
effectively suppressed both DNA fragmentation and the dis- 
ruption of mitochondrial membrane potential (MMP) during 
LPS- and simvastatin-induced apoptosis. Furthermore, apop- 
tosis was accompanied by Bcl-2-associated X protein (Bax) 
translocation to the mitochondria. Our findings suggest that 
NR4A1 expression and mitochondrial translocation of Bax 
are related to simvastatin-induced apoptosis in LPS-acti- 
vated RAW 264.7 macrophages. 
[Immune Network 2014;14(2):1 16-122] 



INTRODUCTION 

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme 
A (HMG-CoA) reductase, the rate-limiting enzyme of the me- 
valonate pathway (1). Statins have been shown to improve 
survival in patients with cardiovascular diseases through in- 
hibiting the prenylation of small GTPases such as Ras and 
Rho/Rac (2). Although the beneficial effects of statins are at- 
tributed to their lipid lowering ability, statins are now be- 
lieved to exert pleiotropic effects that include decreased in- 
flammation, improved endothelial function, stabilization of 
atherosclerotic plaques, and induction of apoptosis (3,4). 

The inflammatory response can be controlled in many 
ways. Statins lower the level of C-reactive protein (5), sup- 
press IFN /-inducible expression of MHC class II on mono- 
cyte-derived macrophages and endothelial cells (6), and bind 
directly to /3 2 integrin LFA-1, blocking LFA-l-mediated adhe- 
sion and co-stimulation of lymphocytes (7). In addition, sta- 
tins inhibit Rho-family G proteins (2), T cell activation (8), 
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and the activation and maturation of macrophages and den- 
dritic cells (6,9). Statins are also known to induce cell death 
in vivo and in vitro. In macrophages, statin-induced cell death 
is mediated through the depletion of isoprenoids such as far- 
nesyl pyrophosphate (FPP) and geranylgeranyl pyrophos- 
phate (GGPP), which serve as important lipid moieties for 
protein isoprenylation (10,11). Statin-mediated inhibition of 
isoprenylation targets Racl and Cdc42, and in turn inhibition 
of their downstream signaling molecules such as c-Jun N-ter- 
minal kinases, is responsible for apoptosis in macrophage 
cells (11). The death of activated macrophages can also be 
advantageous in the control of inflammation levels. 

NR4A1 (also known as Nur77, TR3, and NGFI-B) is an or- 
phan member of the steroid/thyroid/retinoid receptor super- 
family and an immediate-early response gene (12-14). Various 
lines of evidence have suggested a role for NR4A1 in the con- 
trol of inflammation and apoptosis, including the negative se- 
lection of thymocytes (15-19). In macrophages, NR4A1 is in- 
duced rapidly by multiple stimuli including LPS, TNF-ff, and 
oxidized low-density lipoprotein (20,14). NR4A1 is also in- 
volved in activation-induced cell death in macrophages (21). 
However, the role of the NR4A1 in the death of LPS- and 
simvastatin-induced macrophages has not been studied in 
detail. 

Previously, we showed that simvastatin triggers apoptosis 
in LPS-stimulated macrophages by both caspase-dependent 
and independent apoptotic pathways (10), and induces the 
translocation of Bax to mitochondria in MethA fibrosarcoma 
(22,23). However, the precise signaling pathways involved in 
this process have not been elucidated. In this study, we fur- 
ther analyzed this pathway by investigating the involvement 
of the nuclear orphan receptor NR4A1 in the apoptosis path- 
way induced by LPS and simvastatin. We report that NR4A1 
expression is involved in LPS- and simvastatin-induced apop- 
tosis in RAW 264.7 macrophage cells. 

MATERIALS AND METHODS 

Cell lines, reagents, and cell transfection 

Cells of the murine monocyte/macrophage cell line, RAW 
264.7, were maintained in DMEM (Jeil Biotech Services, 
Daegu, Korea) supplemented with 10% heat-inactivated FBS, 
100 units/ml penicillin, 100 ^g/ml streptomycin, 1 mM so- 
dium pymvate, 2 mM glutamine, and 5 mM HEPES (complete 
DMEM). LPS from Escherichia coli 0127:B8 was obtained 
from Sigma-Aldrich (St. Louis, MO, USA) and dissolved in 



PBS. Simvastatin (SMD Korea, Ansan, Korea) was recon- 
stituted in absolute ethanol and stored at — 20°C. Benzyloxy- 
carbonyl-Val-Ala-DL-Asp(0-methyl)-fluoromethylketone 
(Z-VAD-FMK), a pan-caspase inhibitor, was obtained from 
AG Scientific (San Diego, CA, USA). FTI-276 (farnesyl trans- 
ferase inhibitor), GGTI-286 (geranylgeranyl transferase in- 
hibitor), and Y-27632 (Rho kinase inhibitor) was obtained 
from Calbiochem (La Jolla, CA). Anti-Bax Ab was obtained 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), 
HRP-conjugated anti-mouse and rabbit IgG Abs were ob- 
tained from Sigma-Aldrich, and HRP-conjugated anti-goat IgG 
Ab was obtained from Jackson ImmunoResearch Laboratories 
(West Grove, PA, USA). The construct used to express a 
dominant-negative form of NR4A1 (NR4A1-DN; provided by 
Dr. Heung-Sik Choi) (24) was introduced into RAW 264.7 
cells by using electroporation (25). After 48 h of incubation 
in complete DMEM, transfected cells were selected with 1.2 
mg/ml G418 for 2 weeks, and drug-resistant isolates were 
maintained in medium containing 0.12 mg/ml G418. 

RT-PCR 

Total RNA was extracted using TRIzol Reagent (Invitrogen, 
Carlsbad, CA, USA). Approximately 2 fig of total RNA was re- 
verse-transcribed using MMLV reverse transcriptase and oli- 
go(dT) primers (Promega; Madison, WI) at 42°C for 4 h. 
Semi-quantitative PCR of the synthetic cDNA was performed 
using Taq polymerase pre-mixture (Genotech, Daejeon, 
Korea) in a 96-well MyCycler (Bio-Rad, Hercules, CA, USA). 
Sequences of the primers for mouse NR4A1 and GAPDH were 
as follows: NR4A1 forward primer, 5'-CTCGCCATCTACACCC- 
AACT-3'; NR4A1 reverse primer, 5 ' -AGCCTTAGGCAACTGCT- 
CTG-3'; GAPDH forward primer 5'-TGTTGCCATCAATGA- 
CCCCTT-3'; and GAPDH reverse primer 5'-CTCCACGACG- 
TACTCAGCG -3'. 

Immune-blotting 

The fractionation of mitochondrial and cytosolic protein ex- 
tracts was performed using the Mitochondrial Isolation Kit 
(Pierce, Rockford, IL, USA) as previously described (22). 
Briefly, whole cell extracts were prepared by incubating cells 
with radio-immunoprecipitation assay buffer (10 mM Tris, 150 
mM NaCl, 0.5% NP-40, 0.1% SDS, 0.1% deoxycholate, 1 mM 
PMSF, and 1 x protease inhibitor cocktail from Sigma-Aldrich) 
on ice for 20 min. To separate nuclear and cytosolic fractions, 
RAW 264.7 cells (5xl0 6 cells/dish) were washed with 
ice-cold PBS and mixed with a hypotonic buffer (10 mM 
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HEPES, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, 1 mM PMSF, 
and 1 x protease inhibitor cocktail) for 10 min. The cytosolic 
faction was obtained by microcentrifugation at 1,000 Xg for 
15 min. To prepare the nuclear extracts, the pellet was re- 
suspended and incubated in 150 n \ high-salt buffer (20 mM 
HEPES, 400 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM DTT, 
1 mM PMSF, and protease inhibitor cocktail) for 2 h. Protein 
was quantified using the Bradford method. Equal amounts of 
protein were subjected to electrophoresis on a 10% pre-mixed 
SDS-PAGE gel (Elpisbiotech, Daejeon, Korea) and blotted on- 
to a PVDF membrane (Millipore, Billerica, MA, USA) using 
a semi-dry transferring apparatus (Sigma- Aldrich). Blots were 
blocked in 3% BSA fraction V (Sigma-Aldrich) in TTBS (10 
mM Tris, 100 mM NaCl, and 0.05% Tween-20) overnight and 
incubated with the indicated primary Ab at 4°C for 6 h. After 
incubation with HRP-conjugated secondary Ab at 4°C for 3 
h, protein bands were visualized with an ECL detection kit 
(Pierce). Immunoblots of tubulin and heat shock protein 60 
were used as loading controls. 

Propidium iodide staining of genomic DNA 

To analyze the fragmentation of genomic DNA in apoptotic 
cells, cells (1 x 10 cells/ml) were incubated with reagents for 
12 h. The cells were harvested, washed with PBS, and fixed 
using 1 ml of ice-cold 70% ethanol at 4°C overnight. Fixed 
cells were labeled with 500 /ig/ml propidium iodide (PI) at 
37°C for 1 h. Genomic DNA was analyzed using a FACSCalibur 
flow cytometer (Becton Dickinson, San Jose, CA, USA) as pre- 
viously described (26,27). All data were calculated and dis- 
played using the Cell Quest analysis software provided by 
Becton Dickinson. 

Mitochondrial membrane potential measurements 

RAW 264.7 cells (1 x 10 cells/ml) were incubated with re- 
agents at 37°C for 10~12 h. The cells were harvested, wash- 
ed in ice-cold PBS, and resuspended in 500 1 of 4//g/ml 
rhodamine-123 solution (Sigma-Aldrich) at 37°C for 20 min. 
The rhodamine-123-labeled cells were then incubated with 
500 fil of 0.1 mg/ml PI solution for 3 min. Incorporation of 
rhodamine-123 and PI was analyzed using the FACSCalibur 
flow cytometer. The fluorescence of rhodamine-123 (green) 
and PI (red) were detected using FL1 and FL2 sensors, 
respectively. All data were analyzed using Cell Quest soft- 



RESULTS 

LPS and simvastatin induce NR4A1 expression 

We previously reported the involvement of a caspase-in- 
dependent pathway in the apoptosis of RAW 264.7 cells in- 
duced by LPS and simvastatin (10). Apoptosis was not in- 
duced by the sole treatment of 1 ng/nA LPS or 2 £*M simvasta- 
tin; however, cotreatment of LPS and simvastatin at the same 
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Figure 1. Induction of apoptosis by LPS and simvastatin. (A) Raw264.7 
cells were treated with LPS and simvastatin with FTl-276, GGTI-286, 
Y-27632 for 14 h, and subgenomic contents were analyzed by PI 
staining and flow cytometry. (B) Mevalonate pathway and inhibitors 
used in this study. The enzymatic target steps of simvastatin (HMG- 
CoA reductase inhibitor), FTl-276 (farnesyl transferase inhibitor), 
GGTI-286 (geranylgeranyl transferase inhibitor), and Y-27632 (Rho 
kinase inhibitor) were displayed. 
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doses synergistically induced apoptosis partly through a cas- 
pase-independent pathway (Fig. 1A). Moreover, farnesyl 
transferase inhibitor (FTI-276) significantly suppressed the LPS 
and simvastatin-induced apoptosis among FTI-276, GGTI-286, 
and Y-27632 (Fig. IB), suggesting that certain farnesylated 
proteins are mainly responsible for the apoptosis. Because 
NR4A1 is implicated in caspase-independent apoptosis in 
LPS-stimulated macrophages (21), we investigated the ex- 
pression pattern of NR4A1 mRNA in LPS and simvasta- 
tin-treated RAW 264.7 macrophage cells. Expression of 
NR4A1 was significantly up-regulated 12 h after simvastatin 
treatment (Fig. 2A). Moreover, simvastatin-induced NR4A1 
expression was greatly inhibited by mevalonate, suggesting 
the involvement of prenylation in NR4A1 induction. As shown 
in our previous work, LPS- and simvastatin-induced apoptosis 
can be suppressed by FPP and GGPP supplementation (10). 
Apoptosis was not markedly suppressed by the pan-caspase 
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Figure 2. Induction of NR4A1 mRNA by LPS and simvastatin. (A) 
RAW 264.7 cells were treated with LPS and/or simvastatin alone or 
in combination with mevalonate or benzyloxycarbonyl-Val-Ala-DL- 
Asp(0-methyl)-fiuoromethy I ketone (Z-VAD-FMK) for 12 h and the 
level of nuclear orphan receptor NR4A1 mRNA was measured using 
RT-PCR. Total RNA was extracted and amplified as described in the 
Materials and Methods. GAPDH was used to normalize the quantity 
of amplified NR4A1. (B) For the kinetic analysis of NR4A1 expression, 
cells were treated with 1 /-ig/ml LPS or 2uM simvastatin in com- 
bination with 20 uM Z-VAD-FMK for indicated times (up to 12 h) 
and were analyzed using RT-PCR. 



inhibitor Z-VAD-FMK, suggesting the apoptotic pathway is 
caspase-independent. 

Because NR4A1 expression is known to be an early re- 
sponse to stimuli, we further explored the effect of LPS and 
simvastatin on expression of NR4A1 in RAW 264.7 cells at 
various time points up to 12 h (Fig. 2B). In response to LPS, 
the pattern of early induction and extinction of NR4A1 mRNA 
was a typical to that of an early response gene. In contrast, 
simvastatin caused a gradual increase in NR4A1 transcript 
over the course of 12 h. Cotreatment of LPS and simvastatin 
had an additive effect on the expression of NR4A1. The re- 
sponse to LPS or simvastatin was not significantly changed 
by Z-VAD-FMK treatment. These results suggest a possible 
role of NR4A1 transcriptional regulation in the caspase-in- 
dependent apoptotic pathway that is induced by LPS and sim- 
vastatin treatments. 

Expression of dominant-negative NR4A1 suppresses 
LPS- and simvastatin-induced apoptosis in macro- 
phages 

To investigate whether the NR4A1 plays a role in LPS- and 
simvastatin-induced apoptosis, RAW 264.7 cells were trans- 
fected with vectors encoding a dominant-negative form of 
NR4A1 (NR4A1-DN). The transfected cells were analyzed for 
DNA fragmentation and changes in MMP. As shown in Fig. 
3A, LPS- and simvastatin-induced DNA fragmentation in cells 
expressing NR4A1-DN was reduced significantly (~50%). 
LPS- and simvastatin-induced apoptosis in RAW 264.7 cells 
is associated with a dramatic disruption of MMP (10). 
Therefore, we examined whether the expression of the domi- 
nant-negative NR4A1 mutant also blocked the disruption of 
MMP. As expected, the disruption of MMP was decreased by 
-70% in cells expressing NR4A1-DN (Fig. 3B). Together, 
these results indicate that NR4A1 is actively involved in the 
induction of apoptosis by LPS and simvastatin in RAW 264.7 
cells. 

Bax translocates to mitochondria in apoptotic cells 
treated with LPS and simvastatin 

Disruption of MMP is a key apoptotic event that activates cas- 
pase-dependent and independent cell death. Several pro- 
apoptotic and anti-apoptotic molecules including B-cell lym- 
phoma (Bel) -extra-large, Bcl-2-associated death promoter, 
and Bax participate in MMP destruction. To further under- 
stand the mechanism of LPS- and simvastatin-induced apopto- 
sis, the behavior of the pro-apoptotic Bax protein was ana- 
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Figure 4. Translocation of Bax to mitochondria during simvastatin- 
triggered apoptosis in LPS-activated cells. RAW 264.7 cells were 
incubated with LPS or simvastatin in combination with mevalonate 
or Z-VAD-FMK for 1 1 h. Cell extracts were separated into cytosolic 
and mitochondrial fractions. For SDS-PAGE separation, 4vg and 2ug 
of cytosolic and mitochondrial protein of cytosolic and mitochondrial 
protein, respectively, were loaded and Bax protein in each fraction 
was detected by western blot. Cy, cytosolic protein; Mi, mitochon- 
drial protein. 
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Figure 3. The effect of dominant-negative NR4A1 expression on 
apoptosis. (A) RAW 264.7 cells were transfected with control or 
dominant-negative NR4A1 (NR4A1-DN) vectors and treated with 
various concentrations of LPS and 2 (iM simvastatin for 12 h. Using 
flow cytometry, the percentage of subgenomic DNA content was 
measured in propidium iodide (Pl)-stained cells to evaluate DNA 
fragmentation. The inset shows the presence of NR4A1-DN in the 
nucleus of transfected cells. (B) RAW 264.7 cells transfected with 
control or NR4A1-DN vectors were incubated in LPS or simvastatin 
alone or in combination with Z-VAD-FMK for 12 h and stained using 
rhodamine-1 23. The mitochondrial membrane potential (MMP) of the 
stained cells was analyzed using flow cytometry. A representative 
result of four experiments is shown. 



lyzed as was done previously in cancer cells (22). Whole pro- 
tein extracts were separated into cytoplasmic and mitochon- 
drial fractions, and immunoblotting for Bax protein was per- 
formed (Fig. 4). Bax proteins had significantly translocated 
from cytoplasm to mitochondria in response to LPS and sim- 
vastatin treatments. The Bax translocation to mitochondria 



was partly inhibited by mevalonate, but not markedly in- 
hibited by the pan-caspase inhibitor. These results strongly 
suggest that the translocation of Bax protein to mitochondria 
causes the disruption of MMP in cells undergoing LPS and 
simvastatin-induced apoptosis. 

DISCUSSION 

In this study, we evaluated the molecular mechanism of 
apoptosis induced by simvastatin and LPS in RAW 264.7 mac- 
rophage cells. LPS and/or simvastatin treatments induced the 
expression of a nuclear orphan receptor, NR4A1. The ex- 
pression of a dominant-negative mutant form of NR4A1 effec- 
tively suppressed the cardinal signs of apoptosis, DNA frag- 
mentation, and disruption of MMP. Apoptosis was accom- 
panied by Bax translocation to mitochondria. To our knowl- 
edge, this is the first report revealing that NR4A1 is linked 
to LPS- and simvastatin-induced apoptosis in macrophages. 

As shown in Fig. 2, LPS and simvastatin increased the lev- 
els of NR4A1 mRNA in macrophages. However, LPS and sim- 
vastatin had differential effects on the expression pattern 
NR4A1. LPS-induced NR4A1 mRNA appeared early and rap- 
idly dissipated, similar to the pattern of a typical immedi- 
ate-early gene. In contrast, simvastatin induced a gradual ac- 
cumulation of NR4A1 mRNA that increased for 12 h. Recent 
studies have shown that NR4A1 is rapidly induced in macro- 
phages following LPS stimulation (20,21,28). Interestingly, 
IFN7 also increases the expression of the NR4A1, but in a 
slower manner than LPS, peaking NR4A1 expression l6~24 
h after IFN 7 exposure (28). Previous studies reported that 
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co-treatment of LPS and IFN 7 induced cell death, but did 
not do so in single treatments (29). Recently, prolonged 
NR4A1 expression was shown to induce apoptosis more ef- 
fectively than shorter periods of expression (30). Fenretinide, 
a synthetic retinoid, induces apoptosis of hepatocellular carci- 
noma (HCC) cells through time-dependent expression and in- 
tracellular localization of NR4A1. This result suggests that the 
time-dependent expression of NR4A1 may correlate with the 
sensitivity of the HCC cells to fenretinide-induced apoptosis. 
In our study, we identified the prolonged expression of 
NR4A1 during LPS- and simvastatin-mediated cell death. 

To address the role of NR4A1 in the apoptosis, we ex- 
pressed NR4A1-ND in RAW 264.7 cells and found that it ef- 
fectively suppressed both DNA fragmentation and the dis- 
ruption of MMP induced by LPS and simvastatin (Fig. 3). We 
did not identify the precise role of induced NR4A1 during 
apoptosis; however, several mechanisms have been proposed 
by others. For example, NR4A1 is proposed to translocate to 
mitochondria (17), convert Bcl-2 to a killer form (31), and 
associate with 14-3-3 zeta (32) or small heterodimer partner 
proteins (24). NR4A1 also directly induced Fas ligand, TRAIL, 
and Nur77 downstream gene l/2(NDG-l/2), factors involved 
in apoptosis (33). Further work is required to elucidate the 
functional mechanism of NR4A1 in LPS- and simvastatin-in- 
duced apoptosis in macrophages. 

LPS and simvastatin treatments also induced the mitochon- 
drial translocation of Bax, a pro-apoptotic member of the 
Bcl-2 family. The mitochondrial translocation of Bax was in- 
hibited by adding mevalonate, the product of HMG-CoA re- 
ductase, but not fully inhibited in the presence of Z-VAD-FMK 
(Fig. 4). Previously, we demonstrated that simvastatin induces 
p53 stabilization and mitochondrial translocation of p53 and 
Bax in MethA fibrosarcoma cells. Stabilization and trans- 
location of p53 to mitochondria is linked to the translocation 
of Bax during simvastatin-induced apoptosis (22,23). An 
apoptotic mechanism involving NR4A1, Bax, and p53 had not 
been investigated. In this study, we demonstrated that LPS 
and simvastatin have an apoptotic effect on RAW264.7 macro- 
phage cells through induction of NR4A1 expression and Bax 
translocation to mitochondria. To our knowledge, we are the 
first to report that NR4A1 is involved in the LPS- and simvasta- 
tin-induced apoptotic process in macrophages. Previously, we 
report that activated macrophages have increased sensitivity 
to statins (10). We present data supporting the theory that 
the therapeutic effect of statins in atherosclerosis may involve 
the induction of the NR4A1 nuclear orphan receptor. 
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